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I.  INTRODUCTION 


The  choice  of  the  proper  converter  (i.e. ,  bremsstrahlung 
target)  thickness  and  the  proper  converter  material  depends 
on  both  the  experiment  being  performed  and  on  the  back¬ 
grounds.  Any  choice  will  be  a  compromise  between  the 
factors  listed  below.  In  many  cases,  some  relatively 
obvious  alternatives  will  have  both  positive  and  negative 
features.  It  is  quite  likely  that  no  decisive  feature  will 
emerge,  and  that  one  alternative  will  be  chosen  arbitrarily 
in  preference  to  spending  the  excessive  times  probably 
necessary  to  find  the  optimum  condition  experimentally. 

A.  Low  Z  vs.  High  Z;  Collision  Loss 
One  of  the  easiest  choices  to  define  is  that  between 
low  z  and  high  Z  target  materials.  To  a  first  approximation, 
the  ratio  of  bremsstrahlung  to  multiple  scattering  is 
independent  of  Z.  If  the  usable  targets  are  thick  enough 
for  electron  energy  loss  variation  to  be  appreciable, 
high  Z  targets  are  to  be  preferred.  (This  is  probably  the 
case  for  targets  as  thick  as  0.002  radiation  lengths.) 

It  is  conceivable,  although  unlikely,  that  photonuclear 
events  in  the  converter  could  produce  annoying  background; 
if  this  were  true  a  material  with  a  high  photonuclear 
threshold  (and  therefore  probably  a  low  Z)  would  be  better. 

On  the  other  hand  if  secondary  Compton  scattering  in  the 
converter  were  a  factor,  high  Z  materials  would  be  better. 
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It  should  be  noted  that  the  mean  electron  energy 
loss  due  to  collision  is  not  a  source  of  error  because  the 
mean  energy  loss  is  relatively  independent  of  enetgy.  Thus, 
the  primary  Electron  and  the  post-bremsstrahlung  electron 
together  lose  a  constant  mean  energy  independent  of  where 
in  the  converter  the  photon  originates*  However,  energy 
loss  can  introduce  an  energy  uncertainty  because  there  is 
a  spread  of  about  20%  about  the  mean  energy  loss  and 
because  some  electrons  lose  considerably  greater  energies. 

A  high  Z  material  is  better  because  the  radiation  intensity 
is  proportional  to  whereas  the  energy  loss  (which  is 
caused  by  collisions  with  electrons)  is  proportional  to  Z. 

B.  Target  Thickness  and  Background 

The  choice  of  target  thickness  is  much  more  complex 
because  it  is  based  on  a  compromise  between  the  background, 
the  resolution , and  the  counting  rate. 

Consider  first  five  sources  of  background. 

Type  1.  The  majority  of  incident  electrons  pass  through 
the  converter  without  interacting  and  enter  the  sample  area. 
The  position  at  which  these  leave  the  spectrometer,  and  the 
direction  in  which  they  go  depend  on  the  spectrometer 
magnet  setting.  If  the  spectrometer  field  is  larger,  this 
background  will  probably  be  smaller;  on  the  other  hand, 
for  a  given  gamma  ray  energy,  a  larger  spectrometer,  field 
implies  a  higher  energy  incident  electron. beam  which  might 
produce  more  background.  This  background  can  be  reduced  by 
reducing  the  incident  electron  beam  (and  compensating  by  using 
a  thicker  target) «, 
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Type  2.  The  converter  background  from  non-bremsstrahlung 
events  (mentioned  above  in  the  discussion  of  low  Z  vs.  high  Z) 
is  probably  negligible. 

Type  3.  For  sufficiently  thin  converters,  the  non¬ 
monochroma  tic  photons  (i.e.,  those  corresponding  to 
electron  energies  not  being  accepted  by  the  electron 
detector)  produce  background  events  when  they  interact  with 
the  sample.  (The  sample  would  give  the  main  effect  if  the 
true  events  being  detected  originate  in  the  sample.)  For 
a  given  incident  electron  energy,  the  ratio  of  true  events 
to  this  background  cannot  be  changed  (if  the  converter  is 
already  thin).  In  many  cases  however,  using  relatively 
low  incident  energies  will  reduce  this  background  by 
reducing  the  unused  high  energy  photons. 

Type  4.  For  thicker  converters,  some  of  the  electrons  may 
be  multiply  scattered  to  such  an  extent  that  they  miss  the 
electron  detectors.  In  this  case,  background  of  type  3 
increases  relative  to  background  of  type  1.  (In  some  rare 
resonance  reactions,  it  is  conceivable  that  the  photons  of 
the  correct  energy,  whose  electrons  have  not  reached  the 
electron  detectors,  would  contribute  anomalously  to  "chance" 
events.)  This  type  of  background  enhancement  can  be 
decreased  by  selecting  higher  energy  post  bremsstrahlung 


electrons . 
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Type  5.  Low  energy  post-bremsstrahlung  electrons  may 
cause  background  by  hitting  the  spectrometer  after  having 
suffered  excessive  multiple  scattering.  This  background 
is  probably  negligible  inasmuch  as  its  energy  would  be 
very  low.  It  can  be  Influenced  only  by  changing  the  target 
thickness. 
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II.  RESOLUTION 

The  resolution  enters  the  choice  o£  converter  in  two 
ways.  First,  if  type  4  background  (due  to  multiple 
scattering)  is  serious,  it  could  be  reduced  by  detecting 
a  higher  energy  post-bremsstrahlung  electron  in  the 
spectrometer,  Tttiis  deviation  from  perfect  dispersion 
matching  (of  dispersion  magnet  and  spectrometer  magnet) 
will  impair  the  resolution.  Second,  if  there  should  be 
any  advantage  to  using  a  low  Z  material  (due  to  background 
type  2) ,  the  spread  in  energy  losses  due  to  collision 
would  hurt  the  resolution. 

Note  that  according  to  the  graph  on  p.  132  of 
Technical  Report  #21  (Bremsstrahlung  Monochromator  Report) , 
the  loss  in  resolution  due  to  large  multiple  scattering 
angles  is  probably  negligible.  For  a  multiple  scattering 
angle  as  large  as  8°,  the  image  shifts  only  about  2  mm  at 
the  extremes  of  the  spectrometer  and  much  less  than  this 
at  the  center  of  the  spectrometer.  (The  2  mm  assumes 

_3 

Az/z  of  about  3  x  10  ,  z  about  60  cm,  and  K  between 
0.55  and  0.9  for  the  parameters  on  p.  132.)  (Notes  the 
typed  z  is  the  same  as  the  script  z  used  in  the  report.) 

There  are  three  principal  causes  of  energy  broadenings 
1.  Size  of  Monochromatic  Focus  at  Converter 

If  monoenergetic  electrons  form  an  image  with  a 

horizontal  length  of  L1  cm  (along  the  z  axis  of  the 

spectrometer) ,  an  equivalent  energy  spread  AE^  (in  kev) 

will  be  produced.  Define  the  dispersion.,  d  ,  of  the 

s 


6. 


spectrometer  magnet  as: 

AE 

d  =  in  Kev/cm  (!) 

s  AL 

For  the  spectrometer 

AE  1  ... 

-=s  -rr  =  1.18%  /  cm  (2) 

E^  AL 

e 

If  AE  is  in  Kev,  E  in  Mev,  and  AL  in  cmr 

ds  =  11.8  Ee  (3) 

d  varies  from  this  by  +  12%  at  different  exit  positions 
s 

on  the  spectrometer.  dg  is  largest  when  the  distance 
between  converter  and  detector  (along  the  z  axis)  is  least. 

2.  Finite  Size  of  Detector 

If  the  electron  detector  has  a  length  L2  cm  (along 
the  z  axis),  the  energy  range  accepted,  AE2,is: 

AE2  «  L2  (11.8)  Ee  (4) 

3.  Energy  Spread  in  the  incoming  Beam  and  Dispersion 
Mismatch 

The  energy  of  the  electrons  from  the  betatron,  may 
vary.  This  variation  may  be  due  to  poor  regulation  or 
due  to  the  finite  pulse  length.  Insofar  as  the  energy 
spread  is  due  to  poor  regulation,  auxiliary  timing  and 
pulse  height  circuits  can  be  used  to  eliminate  the  counts 
for  the  wrong  E^.  Of  course,  this  has  the  disadvantage 
of  reducing  the  usable  intensity. 
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The  variation  in  ^  due  to  finite  pulse  length  could 
also  be  taken  care  of ,  in  principle,  with  timing  circuits 
which  could  route  pulses  to  different  groups  of  addresses 
in  the  multichannel  analyzer.  Alternatively,  the  magnetic 
field  of  the  dispersion  magnet  or  the  spectrometer 
magnet  might  be  given  a  compensating  180  cycle  component. 
However,  these  techniques  would  not  help  variations  in 
Ep  due  to  improper  regulation. 

The  simplest  way  to  overcome  errors  due  to  variations 
of  ^  is  to  properly  match  the  dispersions  of  the  D-magnet 
(dispersion  magnet)  and  of  the  S-magnet  spectrometer 
magnet.  To  illustrate  this,  consider  A^  as  the  energy 
variation  (in  kev)  due  to  the  finite  pulse  length. 


(E.  in  Mev) 
P 


=  10* 


Sin 


I 1  +  IX) 

[  2  1  5555)  J 


(5) 


^  E1  - 

where  T  is  the  pulse  length  in  microseconds  and  the  pulse 
is  assumed  centered  at  90°. 


Defines 

7T  T 
P  "  5555 

For  small  T  or  p,  Eq.  (5)  can  be  rewritten  ass 
»3 


(6) 


=  10* 


2  2 
£_  a  _  £_  ) 
2  1  12  ' 


*  4 


(7) 

(7a) 


Note  that.  AE^  .  9s  given  by  Eq.  (7a)  is  the 
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maximum  variation  of  .  The  mean  vaiu®  *-he 
variation  of  ^  ia  only  (AE^  /  3) .  The  distribution 
of  ^  as  a  function  of  t  for  a  given  pulse  length  TQ#  can 
be  obtained  by  substituting  E^0  for  ^  and  t  for  T  in 
Eqs.  (5-7). 

Eq.  (7a)  can  be  rewritten  with  the  aid  of  Eq.  (6) 


A^  =  1.61  (T/100  nsec)2  ^ 

The  length  of  the  spot  across  the  converter  is* 

Lc  -  /  dD> 

Lc  =  (4^  /  2.4  y 

where  the  dispersion  of  the  D  magnet  in  kev/cm  iss 


dD 


dD  -  2.4 


AEp 


(10a) 


(10b) 


if  (103  AJ^  /  ^  Lc  )  =  2.4  corresponding  to  0.24%  /  cm 
on  the  dispersion  magnet. 

In  terms  of  T , 

a 

L  =  0.67  (T  /  100  |i  sec)  0 

c 

The  compensating  energy  shift,  AEe,  of  the  post 
bremsstrahlung  electrons,  and  the  displacement,  Lg,  in  z 
of  the  S  magnet  are: 
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AE  =  Ld  =  L  (11.8)  E 
e  c  s  c  e 


AEe  -  AEp  (11.8  Ee  /  2.4  E^) 

AEq  =  AEp  (4.92  Be  / 

AE  =  7.9  E  (T  /  100  *i  sec)2 
©  6 

Lg  *  (AE^  /  da)  =  (A^  /  11.8  Be) 

Lg  =  0.136  (^  /  E0)  (T  /  100  |i  sec) 


The  net  effects,  due  to  both  dispersions  ares 


AE  =  AEe  - 


AE  =  (AE^  /  E^)  (4.92  EQ  -  ^) 

If  AE^  is  due  only  to  T, 

AE  *  1.61  (T  /  100  p,  sec)2  (4.92  Ee  -  ^) 


Similarly i 


AL  =  L  -  L 
s  c 


AL  = 


1  _  _ 

^11.8  Ee  2.4  ^  _ 


AL  —  (AEp  /  1^)  ^(E^  ”  Ee)  /  H*®  Ee^j 


If  AE^  is  due  only  to  T, 


(12) 

(13a) 

(13b) 

(13c) 

(14) 

(15) 


(16a) 

(16b) 


(17) 

(18) 

(19a) 

(19b) 


AL  =  (EL  -  4.9  Ej  (0.136  /  Ea  )  (T/  100  \l  sec)  (20) 

6  “ 


Table  I  gives  some  typical  values  for  the  parameters 
involved  in  dispersion  matching. 
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Table  I 

Energy  Spreads  and  Resolution  Data  Due  to  Long  Pulse 

Pulse  Length  usee 


103  (l-sinS )  =  10V/2  0.40  1.61  3.62  6.43  10. 

Length  on  z  axis  of 

perfectly  focusses  spot  0.17  0.67  1.50  2.68  4.] 

(in  cm)  if  D  magnet 
0.24%  /  cm 

ab  =  Energy  Spread  in  Kev  at  Brerasstrahlung  target  (kev) 
^  dD 

Pulse  Length  in  usee 

Pe^MeT9y  ^  50  100  150  200  250 


50 

100 

150 

200 

250 

300 

0.40 

1.61 

3.62 

6.43 

10.0 

14.4 

0.17 

0.67 

1.50 

2.68 

4.17 

6.00 

ae  =  Energy  Compensation  at  e  Counter  (kev) 

6  • 

(Using  1.18%  for  S  magnet!  +0.14%  variation  over  S  magnet) 

.  •  d8 

...  -  Kev-  \  • . 

4.92  Ee-  -3T 


9.8' 

24 

3.9 

16 

36 

63 

98 

142 

3L9.7 

47 

7..  9 

32 

71 

126 

197 

.284 

29.5 

70 

11.8 

47 

107 

190 

295 

425 

39.4 

94  ' 

15.7 

63 

142 

253 

394 

577 

49.2 

118 

19.7 

79 

178 

316 

492 

709 
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III.  RADIATION  INTENSITY  AND  MULTIPLE  SCATTERING 


The  calculation  of  the  radiation  intensity  and  the 
multiple  scattering  for  a  given  target  are  illustrated 
below.  Typical  values  are  given  for  four  thicknesses  of 
A1  and  for  four  different  thicknesses  of  Pt  (which  are 
chosen  to  give  the  same  radiation  intensity).  For  each 
converter/  the  energy  loss  is  listed  and  the  multiple 
scattering  is  calculated  for  three  energies  of  post- 
bremsstrahlung  electrons.  (The  multiple  scattering  cal¬ 
culations  show  that  a  high  Z  material  has  slightly  less 
multiple  scattering  than  a  low  Z  material.) 

A.  Radiation  Intensity 

The  exact  bremsstrahlung  cross  section  is .quite  complex 
and  has  not  yet  been  calculated  completely.1,2'3  However, 


the  simplest  theory  gives  results  adequate  for  target 


considerations . 

One  defines  an 

$  which  is: 
rad  i 

.  $rad  =  N 


effective  total  radiation  cross  section. 


(21) 


where  N  =  atoms/cm3,  (dE0/dx)rad  is  the  energy  lost  in 
radiation  per  cm,  and  EQ  is  the  incident  energy.  . 

A  radiation  length,  XQ,  is  defined  as  the  number  of 
grams/cm2  of  target  necessary  for  an  electron  to  radiate 
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(on  the  average)  Its  own  energy  In  the  target.  For  low 


and  medium  energies.  X„  is  a  function  of  E^.  However,  for 

)  o  o 

high  energy  (due  to  screening  effects) ,  XQ  is  independent 
of  Efl.  If  i>rad  is  known,  XQ  can  be  found  easily  from* 

A _ 


X0  =  N  $ 


(22) 


o  '‘'rad 


where  A  is  the  atomic  weight  and  NQ  is  Avagadro's  number. 

It  is  often  convenient  to  get  the  thickness  in  cm,  L,  which 
would  cause  an  energy  loss  equal  to  EQ,  the  incident  energy* 


L  = 


(23) 


where  yO  is  the  density. 


If  Q  electrons  of  energy  EQ  are  incident  on  a  target 
of  thickness  t,  the  number  of  photons  of  energy-  in 
an  interval  AE  is  given  approximately  by* 


N(E  )  AE  =  Q  ~  (24) 

-o  .  yi 

♦ 

Eq.‘  (24)  involves  the  approximation  that  E^N(E^)  is  a 
constant;  it  overestimates  the  number  of  high  energy 
photons  and  underestimates  the  number  of  low  energy 
photons  (by  about  20%) .  More  accurate  approximations 
than  Eq.  (24)  become  quite  complicated  because  they 
involve  screening  and  coulomb  corrections  to  the  plane 
wave  normally  used  for  the  electron.  (Fortunately  graphs 
are  available2  of  N(E^)  dE.) 
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X  can  be  determined  easily  if  screening  and  coulomb 

O 


corrections  are  neglected? 


<t> 


rad 


-  2E  4 

=  4»  (4  log  — 5  “  1  * 
me 


(25) 


where 


_  jo  9 

$  =  Z(£  +  a)  5.79  x  10  cm 


(26) 


and  a  =  1  to  take  into  account  radiation  due  to  electron- 
electron  bremsstrahlung.  The  neglect  of  screening  in 
Eq.  (24)  and  Eq.  (26)  is  valid  in  the  limit 


mc^  «  E  <<  137  me*  Z  The  bracket  in  Eq.  (25)  . 


,2  _  „  _ 2  „-l/3 

would  have  the  values  17 »1,  16. 2 ,  15.0,  .13.4 ,  and  10.6 

for  25,  20, .15,  10,  and  5  Mev  electrons. 

.  2  „-l/3 

.-  In  the  limit  of  complete  screening,  EQ  >>.137  me  Z. 

Eq.-  (25)  is  replaced  by 


•  .  •  •  » 

trad '*  5  (4  log  183  Z'V3  +  |  ,1 


U7) 


where  $  is  .-given- by  Eq.  ’(26)  except-  that  a  varies  slightly 
with  Z;-  a  is  I. 28  ;for  A1  and  1.17  for.  Pt.  The  .bracket 
in  Eq.  - (27.)  has.  the'  values  14'°6- and,  17.0  for  A1  and  Pt. 

Following  Koch  and:Motz  we  shall  use <t>rad  ./■  ~  14 

and  12  for  A1  and  Pt  at  20  Mev.  These,  numbers  would  not 
change  much,  at  nearby  energies;  the  corresponding. values  ;  : 

at  5  Mev  would  be  about  il.O  and--10.5..  ’ 

-.'•**  -24  2’ '  ' 

These  values  give  $ra<j  =  1.48  x  10.  cm  and 

4.28  x  10-23  cm2  for  Al  and  Pt  at  20  Mev.  The  corresponding 
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radiation  lengths  are  1.12  and  3.95  x  10*2  moles/cm2  or 

30.3  g m/cm2  and  7.7  gra/on2. 

Table  II  gives  the  characteristics  of  the  targets 

to  be  considered.  The  energy  loss  which  is  almost 

independent  of  energy  is  obtained  from  the  graphs  given 

4 

by  Hansen  and  Fultz. 


Material 

Al 


Table  II 

Target  Characteristics 
Rad.  Lengths  ||  0.001  1 0.002  f  0.005  1 0.01 


mg/cm' 

7«-3_ 


lO-2  cm 


mils 


'  Energy  Loss 
(kev)a 

•  4.2  Mey/cm 

•2 

mg/cm 


‘  .  10”3  cm 
•;  -  mils  : :  ■ 

Energy -  Loss  •.;  > 

(kev.)2.- 
22  -Mev/cm  * . 


30.3. 

60.6 

152 

303 

1.21 

2.42 

6.05 

12.1 

1.12 

2.24 

5.6 

11.2 

4.59 

9.18 

22.9 

45.9 

47. 

98 

235' 

471.' 

■  • 

7.7 

14.4 

.  38.5 

■'ll'  .  ' 

3.95 

7.90 

•  19.7 

.'39.5 '  .  ’ 

0.36  . 

0.72. 

1.81 

1  *  . 

3.62  ‘ 

0.147 

6.295 

0.74 

.  1.47: 

*■ 

7.9  ... 

r  *  ' 

..  • 

15.8  •. 

,•  ..  .  • 

.  39.5 

t-  * 

'79 

(a)  The  spread;  in  energy  loss  is  about* 20%  of  the 
listed  value;  there  is  also  a  group  of  electrons  • 

' which,  lose- significantly  more  energy. 
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B.  Multiple  Scattering 
1.  Approximate  Treatment 

Even  though  multiple  electron  scattering  is  quite 
complicated,  its  main  features  can  be  summarized  simply. 

If  electrons  all  traverse  the  same  thickness  of  material, 
to  a  good  approximation,  the  probability  of  finding  an 
emerging  electron  that  has  been  scattered  between  0  and 
0  +  d0  is  given  by* 

e'®2/ew  •  (28) 

el  ■ 

Eq.  (28)  is  the  form  obtained  from  approximate  theory  and 

has  been  shown  to  be  a  very  good  approximation  to  the .more 

.  *  •  . 

5  . .  .  - 

exact  theory  if ' 0  is  reinterpreted. 

For  a  given  number  of  atoms/cm  ,  0  is  •  proportional 
to  Z/E  where  E  is  the  electron  energy.  @w  is  also 
proportional  to  the  square  root  of  the  foil  thickness 
or  to  the  number  of  atoms/cm  .  If  the  foil  thickness,  t, 
is:  expressed . in  grams/cm^,  Q*  is  proportional  to  Z  t/AE  . 

•  •'  •  .  W 


For.  the  targets  being  considered,  an  approximate  form 
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where  E  is  the  energy  of  the  post  bremsstrahlung  electrons, 
e 

and  the  thicknesses  that  appear  in  the  denominator  correspond 

to  0.002  radiation  lengths.  More  exact  calculations 

change  the  exponents  in  Eqs.  (29)  and  (30)  to  t  and 

2  -0.87 .  using  Eqs.-  (29)  and  (30)  can  underestimate 

a.  by  about  15%  for  large  thicknesses, 
w  * 


2.  More  Exact  Evaluation  of  0W 

In  order  t<?  calculate  more  exact  values  of  0W, 
auxiliary • parameter s  are  introduced.  The  most  important 
.  '.of  these  is  61  which  contains  the  principal  Z,  Ee,  and  t 


dependence  of  0W» 


"•  =  0.175  -*-2- :  ••• 

1  *  A  (pv)2  '  •  .. 

where  (pv)  is  in  Mev.  If  E-  =  Ee  +  0.51  is  the  total 
"  electron  energy  (including  rest  mass)  in  Mev, 


(31) 


(pv)2,.=  P2  (Eq 2"  0.26)  ... 

Thus  (pv)2  *  5.79,  11.8,  and  19. 7. for  2,  3,  and  4  Mev 


(32) 


electrons.  . 

!  For  the  range. of  target  thicknesses  under  discussion 
q  '  /  q  varies  slowly  from  2.52  to  2.99  for  Al  and  from 
2.07  to  2.65  for  Pt.  (From  Eq.  (31)  it  is  clear  that  to 
obtain  the  same  01  from  two  materials  the  product  of 
the  number  of  atoms  per  cm2  and  Z(Z  +  1)  should  be  kept 


constant.) 

The  values  of  61  for  100  mg/cm2  foils  are  given  in 


table  III: 
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Table  III 


0^  (radians) 

2  Mev 

3  Mev 

4  Mev 

A1 

0.135 

0.096 

0.074 

Pt 

0.309 

0.217 

0.167 

The  ratio,  @w  /  Qy  depends  on  the  screening  correction 
which  in  turn  depends  mainly  on  the  target  thickness  t. 

The  screening  correction  is  calculated  by  finding  first  the 


parameter: 


(Z  +  1)  Z1/3 
p2  A(1  +  3.35a2) 


(33) 


where  a  - - .  Note  that  0a  is  an  effective  minimum 

ju  a  . 

nv 

scattering  angle  from  single  scattering  theory;  it  is  not 

needed  explicitly  for  multiple  scattering  calculations. 

*  •  ,  , 

because  only  the  ratio  given  in  Eq.  (33)  enters. 


.There  is  only  a- very  slight  energy  dependence  in  .  • 
,Eq.  (33);  it  enters  only  in  the  form  of  p  -  -  .  For' 
example,  (@1  /  @a)2  has  the  values  (for  2  Mev,  3  Mev,  and 
4  Mev  electrons)  of  9600t,  9430t  and  9350t  for  A1  and  of. 
6610 1,  6580t,  and  6550t  for  Pt.  - 


The  screening  correction  depends  only  logarithmically 

on  (0.  /  0  )2.  The  screening  correction  depends  on  b, 

1  a 

which  is: 
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b  ■=  in  ie1  /  ea)2  -  0.15  (34) 

The  parameter ,  b,  in  turn  determines  B: 

B  -  in  B  =  b  (35) 

Finally,  $w  /  B1  is: 

•— ?  ss  (b  -  1.2)  ^  (35) 

Table  IV  lists  0W  as  well  as  the  parameters  defined 
above  which  were  used  in  its  calculation.  The  final  eight 
lines  in  Table  IV  are ; discussed  below.  • 


Lengths  0.001 
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3.  Bremsstrahlung  Production  Throughout  Converter 

The  vfclues  of  0y  in  table  Iv  could  be  substituted  in 
Eg.  (28)  to  give  the  angular  distribution  of .electrons  if 
the  post-bremsstrahlung  electron  always  traversed  the  entire 
target  thickness.  However,  the  post-bremsstrahlung  electrons 
are  formed  uniformly  throughout  the  target.  This  uniform 
production  can  be  treated  analytically  by  making  two 
approximations.  Pirst,  neglect  the  multiple  scattering 
of  the  incident  electron.  (Since  0W  is  approximately 
proportional  to  E  ^  or  E  this  will  introduce 

relatively  little  error  if  the  post-bremsstrahlung  electron 
has  much  lower  energy  than  the  incident  electron) .  The 
second  approximation  assumes  that  the  0^.  appropriate  to  a 
residual  thickness  t  can  be  written  as: 

°l-  t  el  .  t37) 

m 

where  t  is  the  maximum  thickness  the  electron  can  go 
m 

through  (i.e.,  tm  is  the  entire  target  thickness  for  which 

0  is  the  corect  value) .  This  approximation  assumes  that 
w 

the  angular  distribution  is  always  Gaussian  and  that 

1/2 

the  1/e  value  is  proportional  to  t  '  (rather  than 
t^*59  suggested  above). 

With  these  approximations  the  probability  of 
scattering  into  an  angle  0  can  be  written  as: 
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P(8)dB 


P(B)dB 


e-*2rf  d6 
at  -eVew‘ 

t"  6 


(38) 

(39) 

(40) 


The  angular  distribution  of  electrons  leaving  the 
foil,  P(d),  as  given  by  Eg.  (41),  is  much  more  concentrated 
at  small  angles  than  a  Gaussian  (i.e.,  P1(d)  from  Eg.  (28)) 
would  be. 

For  the  monochromator,  we  are  interested  in  the 
fraction  of  electrons  which  have  been  scattered  by  less  than 


some  angle,  say  6  .  This  fraction  Ffe^is  given  by?  . 


F<em)  = 


-/ 


m 

m 


P(6)  dB 


(41) 


This  integral  can  be  evaluated  easily;  it  is  convenient 
to  introduce  the  notation: 


y  =  (9/8 w) 2  and  ym  -  (6/6J2 

(42) 

From  Eg.  (40-42),  we  then  get: 

p(em)  =  dy  k<-*> 

(43) 

O 

=  ym  [-Ei  <-J  +  1  - 

(44) 

Table  V  gives  the  values  of  F(0  )  as  a  function  of  y 

111  **• 
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Table  V 


w2 

- 

0.01 

0.04 

0.1 

0.2 

0.3 

0.4 

0.5 

s 

0.05 

0.146 

0.275 

0.437 

0.531 

0.61 

0.673 

<w5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.2 

1.4 

r(em> 

s 

0.72 

0.76 

0.80 

0.83 

0.85 

0.89 

0.92 

‘W1 

s 

1.6 

1.8 

2.0 

2.5 

3.0 

4.0 

5.0 

F(ej 

. 

0.94 

0.95 

0.96 

0.97 

0.98 

0.985 

0.99 

ra' 


The  results  of  this  analysis  for  the  Pt  target  are 
included  in  the  last  eight  lines  of  table  IV.  The  first 
four  (of  these  last  eight)  lines  give  the  percentage  of 
post  bremsstrahlung  electrons  of  the  indicated  energy  which 
have  been  scattered  by  +  5 +  8°,  +10°,  and  +  15°. 

The  vertical  opening  on  the  spectrometer  magnet  is  +  8°. 

The  final  four  lines  give  the  relative  yields  of 
electrons  within  these  angles  if  the  same  incident  electron 
beam  is  used  for  all  four  target  thicknesses.  The  examples 
below  illustrate  the  implications  of  these  relative  yields. 

Example  A 

Let  us  compare  the  0.002  and  0.005  radiation  length 

» 

targets  for  4  Mev  electrons.  Assume  first  that  an  8°  cone 
is  acceptable.  In  order  to  obtain  the  same  number  of 
usable  photons,  the  thicker  target  requires  (100/161)  =  0.62 
of  the  beam.  Therefore,  both  the  high  energy  electron  beam 
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leaving  the  spectrometer  and  the  background  produced  by 
this  beam  decrease  by  0*62*  On  the  other  hand,  the  total 
number  of  photons  produced  and  the  total  number  of  post- 
bremsstrahlung  electrons  of  degraded  energy  is 
(0.005/0.002)  (100/161)  =  1.55  times  as  high.  Thus,  if 
the  background  or  counting  rate  limitation  is  due  to 
events  in  the  target  or  sample  (as  opposed  to  being  due  to 
the  main  beam) ,  the  thicker  target  is  inferior. 

Example  B 

Let  us  compare  getting  8  Mev  gamma  rays  from  a 
combination  of  incident  emergent  electron  energies  of 
10  Mev  -  2  Mev  or  12  Mev  -  4  Mev.  Consider  a  0.002 
radiation  length  converter.  10  9  amp  of  10  Mev  electrons 
would  give  the  same  number  of  usable  photons  as  would 
6.1  (10~10)  amps  of  12  Mev  electrons.  To  simplify 
comparison,  assume  the  same  peak  current  but  have  the  12  Mev 
current  pulse  only  180  nsec  long  while  the  10  Mev  current 
is  300  nsec  long.  At  the  converter,  the  energy  spread  of 
the  incident  beam  would  be  66  kev  (for  the  12  Mev)  and 
144  kev.  After  compensation,  the  energy  spreads  of  the 
8  Mev  gamma  ray  would  be  34  kev  (for  4  Mev  electrons)  and 
2  kev.  The  electron  beam  currents  entering  the  sample  area 
would  be  the  same  (per  unit  of  "on"  time)  but  the  higher 
energy  12  Mev  electrons  would  produce  more  background. 
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(This  background  might  be  less  intense  at  the  detector 
because  the  deflection  of  12  Mev  electrons  when  the  spectro¬ 
meter  is  set  at  4  Mev  would  be  greater  than  the  deflection 
of  10  Mev  electrons  when  the  spectrometer  is  set  at  2  Mev.) 
On  the  other  hand,  the  actual  counting  rate  per  unit 
NonM  time  would  be  smaller  for  the  2  Mev  electrons. 

(Note  that  50%  of  the  radiation  produced  by  the  10  Mev 
electrons  is  not  usable,  if  8°  is  the  actual  limitation, 
whereas  only  18%  of  the  radiation  produced  by  12  Mev 
electrons  is  not  usable. 
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Table  I 


Energy  Spreads  and  Resolution  Data  Due  to  Long  Pulse 

pulse  Length  usee 


103(l-sinS)  =  loV/2  0.40  l.«  3.62  6.43  10. 

JS25  ^sefspot  0.17  0.67  1.50  2.68  4.: 

(in  cm)  if  D  magnet 
0.24%  /  cm 

«  =  Energy  Spread  in  Kev  at  Bremsstrahlung  target  (kev) 


peak  Energy  Key 
(Mev)  cm 


pulse  Length  in  |isec 
100  150  200  250  300 


4E  »  Energy  Compensation  at  e'  Counter  (kev) 

,  ^  ~  j.n  14%  variation  over  S  magnet) 

(Using  1.18%  for  S  magnet;  ±0.14*  va rwu 

ds 

Kev 

Ee  4.92  Ee  cm 

2  9,8  In  7*9  32  71  126  197 

4  1Q*K  70  11*8  47  107  190  295 

6  29,5  1 S  H*7  63  142  253  394 

*0  49 !  2  118  Si?  »  178  316  492 
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Material 

Al 


Table  II 

Target  Characteristics 


0.001 

0.002 

0.005 

0.01 

30.3 

60.6 

152 

303 

1.21 

2.42 

6.05 

12.1 

1.12 

2.24 

5.6 

11.2 

4.59 

9.18 

22.9 

45.9 

98  235  471 


mg/cm4 


10“ 3moles/cm2  H  1.21 


10”2  cm 


mils 

Energy  Loss 

(kev)a 
4.2  Mev/cm 

2 

mg/cm 

10_5moles/cm2 

10“ 3  cm 
mils 

Energy  Loss 

(kev) 2 
22  Mev/cm 


(a)  The  spread  in  energy  loss  is  about  20%  of  the 
listed  value;  there  is  also  a  group  of  electrons 
which  lose  significantly  more  energy 


7.7 

14.4 

38.5 

77 

3.95 

7.90 

19.7 

39.5 

0.36 

0.72 

1.81 

3.62 

0.147 

0.295 

0.74 

1.47 

7.9 

15.8 

39.5 

79 

Table  IV 
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